Abstruct-We have made a quantitative comparison, theoretically and experimentally, of signal-induced noise in high frequency, single mode fiber-optic links using directly modulated multimode (Fabry-Perot) and single-frequency (DFB) lasers. It is shown that the common procedure of evaluating the signalto-noise performance in a typical fiber-optic link, treating the various sources of noise as additive quantities, independent of the modulation signal, is inadequate. This is due to the presence of signal-induced noise, which can arise from mode-partitioning in Fabry-Perot lasers, and interferometric phase-to-intensity noise conversion in DFB lasers. Both of this type of noise concentrate at low frequencies, so that a casual observation might lead to the erroneous conclusion that they are of no relevance to high frequency transmission systems. We show that, for Fabry-Perot lasers, signal-induced noises arising from translation of low frequency noises to high frequencies causes significant degradation in SIN performance in transmission of 6 GHz signals over only 1 km of single-mode fiber. With DFB lasers, signal-induced noise due to interferometric phase + intensity conversion is present, but does not become significant even for transmission at 10 GHz up to 20 km.
Signal-Induced Noise in Fiber-optic Links using Directly Modulated Fabry-Perot and Distributed-Feedback Laser Diodes
I. INTRODUCTION

HIS work is concerned with a quantitative evaluation
T of the various sources of signal-induced noise in a high frequency analog, single mode fiber-optic link using directly modulated multimode (Fabry-Perot) and single-frequency (DFB) lasers. The signal-to-noise ratio in a typical fiber-optic link is commonly evaluated by treating the various sources of noise, such as relative intensity noise (RIN), mode partition noise, shot and thermal noise, etc., as additive quantities independent of the modulation signal. However, there are sources of noise which become prominent only in the presence of a modulation signal. This paper presents experimental and theoretical studies of this type of noise which arises from mode-partitioning in Fabry-Perot lasers, and interferometric phase-to-intensity noise conversion in DFB lasers, the former induced by fiber dispersion and the latter by fiber reflections such as Rayleigh scattering. Both of these effects, which are well known, increase with fiber length, and so does the signalinduced noise which is created by these effects. Historically, the development of high speed semiconductor lasers for microwave/analog applications took place with conventional Fabry-Perot (FP) lasers due to their simplicity in construction and analysis which lend themselves to convenient demonstrations of ideas related to speed alone. To this date, the highest bandwidth semiconductor laser has been demonstrated in Fabry-Perot lasers [ 11, [2] , although single-frequency lasers also show exceptional performances [3]. The multimode lasing spectrum of FP lasers will be an issue in any wideband systems due to fiber dispersion, even for wavelengths near (but not exactly at) the dispersion minimum. This problem may not be significant for many microwave applications since most of these systems operate in a relatively narrow band of subgigahertz, albeit centered at a high frequency of multigigahertz. A more serious concern is the manifestation of mode-partition noise due to fiber dispersion, a subject studied previously in considerable detail [4] . This type of noise usually does not extend beyond a few gigahertz and is, generally but erroneously, not considered harmful to high frequency microwave systems, hence they need not be specified for such applications. A similar type of low-frequency noise, the "mode-hopping'' noise [4]-[6], which can manifest itself in the laser diode output alone without the aid of fiber dispersion, was similarly considered not significant for narrowband microwave applications. However, it has been shown that in a directly modulated laser diode, the low frequency noise can be translated to the neighborhood of the modulation carrier [7] . This is a source of signal-induced noise for Fabry-Perot lasers that can become quite serious at high frequencies and longer fiber links. We shall quantify these parameters later. It is therefore a mistake not to consider low frequency noise in lasers for high frequency applications. Furthermore, it is misleading to measure the system noise level at high frequencies without any applied modulation to the laser, and then to calculate the anticipated SIN ratio based on these measurements, as if the signal and the noise are independent entities.
It should be noted that a similar translation of low frequency noise onto the high frequency modulation carrier also exists for systems using diode-pumped YAG lasers with external modulators. The low frequency noise from the diode-pumped YAG laser, which typically resides below a few tens of megahertz, originates from relaxation oscillation and from beating between longitudinal modes, the latter being very significant even with what would otherwise be considered an excellent side-mode rejection. These low frequency noises must be rid of by feedback using an additional modulator. For single frequency lasers such as DFB lasers, neither mode-partition nor mode-hopping noises become much of an issue. The dominant source of low frequency noise comes from double reflections along the fiber which serves to convert the laser phase noise to intensity noise [4] , [8] , [9] . With the use of good optical connectors, reflections along the link can be minimized except for intrinsic Rayleigh back-scattering [ 101. The resulting intensity noise spectrum approximately resembles the (Lorentzian) laser lineshape centered at DC, with a typical linewidth of a few tens of megahertz. On applying high frequency modulation this noise will be translated alongside the modulation carrier. In general, this effect is much less severe than that for Fp lasers, provided proper optical connectors and splices are employed. These parameters will again be quantified later.
MEASUREMENTS
To illustrate the effects discussed above, we first show measured results for links consisting of (a) 1.3 pm FP laser and (b) a 1.3 p m DFB laser, modulated at frequencies of 6.5 and 10 GHz, and propagating through a distance of 1,6, and 20 km of single-mode fiber. Both of these are high-speed lasers resistively matched to 50 R input impedance, with a 3 dB modulation bandwidth well beyond 10 GHz, as shown in Fig.  l(a) . A single high-speed p-i-n photoreceiver with a 12 GHz 3 dB bandwidth is used for all of the measurements. The spectra of the lasers are shown in Fig. l(b) and (c). The measurements are done with an input RF drive level into the lasers of +10 dBm. As a point of reference, the 1 dB compression level of the laser is +15 dBm. The optical input into the photoreceiver are adjusted to give 1 mA of dc photocurrent in all cases, except where noted in the caption. Angled polished optical connectors (APC) are used whenever a connection is required. The dispersion of the fiber used is estimated to be about 1 ps/(nm-km) at the wavelength of the lasers.
For the FP laser, low frequency mode-partition noise can be clearly observed on propagation through only a few kilometers of fibers, as shown in Fig. 2(a) and (b). The highest of these noise levels correspond to RIN figures of < -145 dB/Hz' with no fiber, -132 dB/Hz after propagating through 6 km, and -115 dB/Hz after 20 km. At higher frequencies, the noise falls back to the receiver noise limit of about 145 dB/Hz. In contrast, for the DFB laser the noise spectrum is at the receiver noise limit at 6 km ( Fig. 3(a) ), and remains to be so after 20 km (Fig. 3(b) ). Nevertheless, at 20 km one can already observe a hint of the interferometric noise protruding above the receiver noise level at low frequencies ( Fig. 3(b) ). This low level of interferometric noise is due to Rayleigh scattering in a long fiber. The nature of the interferometric noise can be much easily observed when bad splices or connectors exist in the link, as illustrate in Fig. 3 ( c) -a situation clearly to be avoided.
The kinds of low frequency noise described above are quite commonly observed in typical fiber links. In the following, we illustrate how the low frequency noise is translated to the neighborhood of the modulation carrier upon applying a high frequency direct modulation to the laser. Fig. 4 shows the result of applying a 6.5 GHz modulation carrier to the FP ((a)-(c)) and the DFB lasers ((d)-(f)), and observed after transmission through 1, 6, and 20 km. The blanks in the traces for FP laser in Fig. 4 (a)-(c) establish the RIN level with the RF drive to the laser disconnected, i.e., without noise translation. These plots illustrate that the low frequency noise and its translation is very significant. The drop in the RF signal level at longer fiber lengths for the FP laser (Fig. 4(c) ) is due to fiber dispersion but not attenuation (recall that all measurements, except where noted, are done with 1 mA of photocurrent from the receiver.) One should contrast the above results with those obtained with the DFB laser, Fig. 4 (d)-(f). Only at 20 km does the translated noise becomes slightly visible, consistent with the low frequency noise observations of Fig. 3 .
All of the above observations hold for modulation at 10 GHz, as shown in Fig. 5 (a)-(f), except for the even more striking difference between the FP laser ( Fig. 5(a) - (c)) and the DFB laser ( Fig. 5(d) - (f)). It is worthwhile to note that for a DFB laser, only a very slight degradation is observed even at 10 GHz and at 20 km, while the FP laser is all but unfunctional at these frequencies and distances. Note also from Figs. 4(b) and 5(b) that even at a relatively short distance of 6 km, the actual SIN ratio of the high-speed FP laser is, depending on the modulation frequency, between 10-20 dB worse than that predicted from a standard RIN measurement alone (without modulation applied).
ANALYSIS AND COMPARISON WITH MEASUREMENTS
As mentioned above, the two principal sources of signalinduced noise which were illustrated in the above experiments are translated mode-partition noise in multimode lasers, and interferometric noise in single frequency lasers. Both modepartition noise and interferometric noise, which are essentially low frequency noise, are already quite well known and have been studied extensively [4], [8]- [ll] . It is the purpose of this section to study the translation of these noise to the spectral vicinity of the modulation signal at higher frequencies. The quantitative dependence of these translated noise on the signal frequency, amplitude and propagation length will be studied.
A. Mode Partition Noise and Noise-Translation in Fiber Links using Multimode Lasers
Mode partition noise is a result of competition between longitudinal modes in a multimode laser. The general properties of this noise are already well known. The modal noise characteristics can be derived by solving a set of electron and multimode rate equations driven by Langevin forces [4] , [11] . This yields the complete noise spectra of each mode. If only the low frequency portion of the spectrum is of interest (anticipating that mode-partition noise does not extend to high frequencies), then one may neglect dynamic relaxation of the electron reservoir and obtain simpler results as in [11] . This latter approach does not suffice in our study here since we do need to consider the high frequency portion of the spectrum.
One can obtain closed form solutions to the mode partition noise problem in multimode lasers in the limit where only two modes exist and one mode dominates. If SI, 5'2 are the power in each of the two modes, with SI >> 5'2, then an approximate solution of the total relative intensity noise (RIN) of the optical output, after propagating through a length of dispersive fiber, is as follow: (see Appendix)
where S = S1 + 5'2 is the total optical power, R,, is the spontaneous emission rate into each mode, L is the relative coupling coefficient of mode 2 into the fiber (as compared to mode l), d is the differential propagation delay of the two modes in the dispersive fiber, L is the length of the fiber, and where expressions for the corner frequencies w,, Sw,, the damping constants y1,yz and the effective lifetime TR can be found in the Appendix. As for the significance of these parameters, it suffices to say here that w,/21r is the relaxation oscillation frequency in the direct modulation response of the laser, which is typically in the teens of gigahertz range for high speed lasers, y1 is the damping constant for the direct modulation response which is approximately equal to w T / 2 for a critically damped response typical of high speed lasers, while 6wT/2a is much smaller than w,/21r -typically below 1 GHz. The factor B ( w ) , which has a much lower comer frequency and a much higher dc value than A ( w ) , constitutes the mode partition noise. As evident from (l), the effect of this mode fiber (or the loss of the two modes) are not equal (k # l), and (b) dispersion becomes significant (U dL >> 0). It is also clear that a high mode rejection (defined by the ratio Sl/S*) diminishes the effect of modal noise. Fig. 6 plots RIN as a function of frequency for a highspeed laser with 3 dB modulation bandwidth of 20 GHz, after propagation through 10 km of single-mode optical fiber with a dispersion of 15 ps/km between the two laser modes. The mode rejection ratio is assumed to be 10, and other parameters are listed in the caption. The periodic nature of the RIN is a result of the two-mode approximation. In lasers with multimodes, the periodicity is wiped out to a certain degree due to the nonuniformity of fiber dispersion as a function of wavelength. Fig. 7 plots the maximum noise enhancement due to fiber dispersion, as a function of fiber length, for different mode rejection ratios. This plot serves as a guideline for the kind of mode-rejection ratios required in order that modal noise becomes insignificant when propagated over a certain length of fiber. Mode rejection ratios of > 100 are generally not achievable on a routine basis, particularly at 1.3 pm, without the use of mode-selective structures such as DFB.
The above RIN results apply for the case where no direct modulation is applied to the laser. When a high frequency modulation signal is applied, it has been shown that the low frequency intensity noise such as that generated by modepartition is translated to the vicinity of the signal through intrinsic intermodulation effects in the laser diode [7] . This translation depends on, among other things, the modulation signal frequency, and is described by a "noise translation factor" IT(w)l2, which is the amount of noise measured in the vicinity of the signal, when the optical modulation depth of the signal approaches loo%, compared to that of the low frequency noise without the applied modulation signal. The expression is given by [7] 1 (iw + r,)(iw + rz)
where rl = yl -1/rR,r2 = w:rp + ~/ T R , T~ is the photon lifetime. The noise translation factor is plotted in Fig. 8 , using the same laser parameters as in the previous plots. We define RINmod ( w ) as the measured RIN near the vicinity of an applied modulation signal at frequency U, at -100% optical modulation depth. This quantity is a more meaningful description of the noise characteristic of the laser than the standard RIN when one is dealing with signal transmission
RINmod ( w ) = R I N ( w ) + IT(w)12
x R I N ( w = wm,) (4) where w, , is the frequency where the maximum in the low frequency mode-partition noise occurs (see Fig. 6 ). Using the results of Figs. 6 and 8, we plot in Fig. 9 RINmod (U) versus frequency, for different fiber lengths. For convenience in comparison, we replot, in Fig. 10 , the case for L = 10 km with and without the applied modulation, for a FF' mode rejection ratio of 2 which is similar to the laser used in our measurements. It can be seen that the practical RIN is enhanced to a value approximately identical to that of the low frequency RIN caused by mode-partition. This conclusion is supported by comparing the experimental results shown in Fig. 5@) and (c) with that of Fig. 2 . Included in Fig. 9 are data extracted from Figs. 4 and 5. The quantitative match is reasonably good considering the simplicity of the In lasers where two or more modes have nearly identical power, it has often been observed that a low frequency enhancement in RIN occurs at the laser output, even without propagating through any dispersive fiber [6]. This effect is NOT explained by the standard small signal noise analysis using Langevin source as that outlined in the Appendix, unless one includes a nonsymmetric cross gain compression between different longitudinal modes [12] . On the other hand, it is also possible that the enhanced noise is simply a large signal effect of mode competition: in principle, the damp-out effect of gain saturation, which is responsible for maintaining a low RIN for the TOTAL power, is operative only in the small signal regime. It may well be that when mode-partition fluctuation in each mode is large, the delayed response in large signal situations [ 131 prevent instant compensation of power fluctuations between longitudinal modes, hence an enhanced noise at low frequencies. This is sometimes referred to as "mode-competition noise" or "mode-hopping noise," as distinct from "mode-partition noise." Regardless of the origin of these low frequency noise, the translation effect is identical to that described above. The high frequency RINmod ( w ) will again assume a value approximately equal to that of the low frequency RIN.
B. Translated Interferometric Noise in Fiber Links using SingleFrequency Lasers
Interferometric noise is caused by conversion of the laser phase noise into intensity noise through interference between the laser output with a delay version of itself. This occurs in fiber links with pairs of interfaces where double reflection can occur, or in the absence of reflective interfaces, Rayleigh scattering being the fundamental cause of such reflections [lo] . In the absence of any applied modulation to the laser, this noise takes the form of a Lorentzian, which is an autocorrelation of the field spectrum of the optical field translated down to dc. The spectral width of this noise is therefore approximately that of the laser linewidth, in the tens of megahertz range, whereas the intensity is proportional to the power reflectivity p of the reflectors [lo] , [14] . For Rayleigh scattering, this reflectivity is proportional to the length of the fiber for relatively short fibers, reaching a saturated value equal to the inverse of the attenuation coefficient for long fibers [lo] , [15] .
The behavior of interferometric noise when the laser is directly modulated has been analyzed in the context of reducing the interferometric noise at low frequencies by an applied modulation at a high frequency [14], [15] . The nature of this reduction is that the noise energy at low frequency is shifted to the vicinity of the harmonics of the applied modulation signal due to the large phase modulation associated with direct modulation of laser diodes [14] . This is desirable only when the applied high frequency modulation is simply used as a "dither" while the low frequency portion of the spectrum is to be utilized for transmission of baseband signal. If the transmission information is contained in the high frequency modulation itself, as in many microwave systems applications, the noise centered at the first harmonic of the applied signal is the undesirable signal induced noise which we have described in previous sections. Following an approach similar to that in [14] , if one assumes that the laser intensity is approximately given by
where (Y is the optical modulation depth and PO is the average optical power, then the associated phase modulation is given by [41
P ( t ) ) +ylP(t)/Po
where a is the linewidth enhancement factor, yl is the damping constant in the direct modulation response of the laser at high operating power, as given in (A3). This damping constant is related to fundamental laser parameters and is dominated by gain compression. For critically damped response common in high speed lasers, y1 N w,/2 where w, is the relaxation oscillation frequency. Integrating (6) and neglecting higher harmonics in 4, one obtains 4(t) = y Jl+(y1/w)2 cos (wt + $ 0 ) (7) where $0 = tan-' ( F l / w ) . The electric field from the laser is E ( t ) = m e x p ( $ ( t ) ) .
Assume the laser field is twice reflected from a pair of reflectors with power reflectivity p separated by a distance TU where v is the group velocity in the fiber. The autocorrelation of the noise current arising from the field interfering with the twice-reflected version is [14] :
where R is the responsivity of the photodetector which is assumed to be 1 from now on, a' = a / 2 d m , and R-( S T ) is the autocorrelation of the laser field spectrum which constitutes the interferometric noise. After time-averaging,
RN(6r) = 2 p P i R ( h )
. 
Expanding the Bessel function JO in Fourier series,
where The term involving 21 is the remnant of the low frequency interferometric noise, while that involving 5 2 is the translated interferometric noise center at the signal frequency W .
The factor E l (< 1) is periodic in w r , and was previously called the "noise suppression factor" [14], [15] , in reference to the benefiting effect of interferometric noise suppression in the base band by an applied high frequency modulation. In the event where the applied modulation consists not just of a single tone but is of finite bandwidth, or that the locations of the reflectors are randomly distributed as in the case Rayleigh scattering, the periodicity is removed [14], [15] . To evaluate these cases exactly, one needs to involve the statistics of these random distributions [14], [15] . However, the result is not very different from that obtained simply by averaging 5 1 over wre [O, 27r] [14].
The factor E 2 is referred here as the "noise translation factor" for interferometric noise, and is also periodic in w r as in El. Without going through the complication of accounting for the statistics of Rayleigh scattering [15] , we obtain approximate results by simply averaging -2 2 over W r E [ O , 2 7 r ] . This averaged noise translation factor E 2 is plotted in Fig. 11 as a function of optical modulation depth a, at various modulation frequency w. In the limit of a + 1, the lower value of at low frequencies is a result of a higher effective phase modulation index (a') .
To obtain the effective RIN under modulation (RINmod) like those shown in Fig. 9 , we assume that the Fourier transform of R- ( ST) , which is the interferometric noise, is a Lorentzian with linewidth A. The power spectral density at dc is l / A . The RIN of the translated noise at the modulation signal frequency is therefore, from (lo),
where RIN(w) is the intrinsic intensity noise of the laser, and I T denotes Fourier transformation. Furthermore, we use the previously derived [lo] relation between the Rayleigh reflection coefficient p and the fiber length:
where y is the attenuation of the fiber per unit length, W is the "Rayleigh reflection coefficient per unit length," a constant that depends on fiber characteristics and typically takes on a value of 6 x lop4 [lo] . Using these results, we plot in Fig -(compare Figs. 5(f) and 3(b)), which is the value given by 2 2 shown in Fig. 11 . One should also contrast these results for DFB lasers (Fig. 12) to that of FP lasers (Fig. 9) . The superiority of the former is evident.
IV. CONCLUSION
We have made a quantitative comparison, theoretically and experimentally, of signal-induced noise in a high frequency, single-mode fiber-optic link using directly modulated multimode (Fabry-Perot) and single-frequency (DFB) lasers. It is clear that the common procedure of evaluating the signal-tonoise performance in a typical fiber-optic link, treating the various sources of noise independently of the modulation signal, is quite inadequate in describing the performance of such systems under the real life situations. This type of signalinduced noise arises from mode-partitioning in Fabry-Perot lasers, and interferometric phase-to-intensity noise conversion in DFB lasers, the former induced by fiber dispersion and the latter by fiber reflections such as Rayleigh scattering. Both of these effects increase with fiber length, and so does the signal-induced noise brought about by these effects. Both of these types of noise concentrate at low frequencies, so that a casual observation might lead to the conclusion that they are of no relevance to high frequency microwave systems. We have shown that this is not the case. We show that for narrow band transmission at high frequencies through even moderate lengths of fiber, high-speed FP lasers are unacceptable not just from the transmission bandwidth limitation due to fiber dispersion, but from the detrimental effect of signal-induced noise due to mode-partitioning. For example, degradation in SIN performance is already significant in transmission of 6 GHz signal over only 1 km of single-mode fiber. With DFB lasers, there is no degradation of the SIN performance for transmission at 10 GHz up to 20 km.
APPENDIX
This Appendix summarizes the derivation of mode partition noise, which serves to define the symbols and parameters cited in the text. The approach is a very standard one using multimode rate equations [4] , and we simplify the results using a two mode approximation with one dominant similar to that in [12] . Let Si be the photon density in the ith longitudinal mode. The multimode rate equations are [4] :
where N is the carrier density, is the optical confinement factor, J is the pump current density, d the thickness of the active region, r, is the recombination lifetime (radiative and non-radiative) of the carriers, rp is the photon lifetime, g i ( N ) is the optical gain of the ith mode as a function of the carrier density, expressed in crn-l, U is the group velocity, R,, is the spontaneous emission rate into each mode, and e the electronic charge. FN(t) and Fsi(t) are Langevin noise sources driving the electrons and the modes; their correlation characteristics have been derived in detail [16] - [18] . The form of optical gain is assumed to be where E is the gain compression parameter, NO is the transparency electron density, and gii0) assumes a parabolic gain profile near the gain peak. Note that we have neglected the cross-compression terms between different longitudinal modes. Its effects has been studied previously [12] , and is shown to produce a low frequency "mode-hopping noise" in situations where two or more longitudinal modes have almost equal power. The noise spectra are obtained by a small signal solution of (Al), using the proper Langevin correlation characteristics. In the case of a nearly single-mode laser (SI >> Sa, one can obtain the noise spectra in closed (albeit approximate) form in an approach similar to that used in [12] :
where s1 (w), s2(w) Fs2(w) are Fourier transforms of the Langevin noise driving the respective modes, with the following correlation relations [18] :
(F,i ( U ) Fs: ( U ) ) = 2R,, SiSij .
(A41 It has been assumed, as is customarily the case, that the Langevin force driving the electron reservoir (FN(t) ) is negligible.
The small signal fluctuation of the total power after propagating through a dispersive fiber is (A61 which can be evaluated using the correlation relation (As). The result is given in (1) in the text.
